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(— Abstract 


Introduction: This study aimed to evaluate the reliability measurement of corneal stromal thickness, sub-basal nerve plexus 


(SBNP) and keratocyte cell density (KCD) in laser refractive surgery patients. 

Methods: 120 eyes of 60 participants were recruited and both right and left eyes of the myopic subjects were measured 

separately. Cornea stromal thickness were measured based on the cellular morphology that differs between each cormeal layer. 

Measurement of SBNP and KCD were done using in-vivo confocal microscopy (IVCM) using corneal stromal thickness as 

reference. Corneal nerve parameters measured includes nerve fiber density (NFD), nerve branch Density (NBD) and nerve 

fiber length (NFL) while KCD were measured based the amount per area, depending on the region of interest. All images were 

captured and processed using ImageJTM Software and NeuronJ. All data were expressed in mean and standard deviation. 

Statistical analyses were performed using Predictive analytics software. P < 0.05 was set as the level of significance. Intra- 

and inter-observer intraclass correlation analysis were done to evaluate reliability of measurement in corneal stromal thickness, 

SBNP and KCD. 

Results: This study found no significant difference between measurements for corneal stromal thickness, SBNP and KCD 

measured. (All P > 0.05). Intraclass correlation analysis showed both intra- and inter-observer performance were 

approximately consistent and reliable (All r > 0.90, P > 0.05). 

Conclusion: Measurement of corneal stromal thickness, SBNP and KCD using IVCM is valid and reliable. 

Keywords: In-vivo corneal confocal microscopy; Sub-basal nerve plexus; keratocyte cell density; myopia 

Abbreviations: KCD: Keratocyte Cell Density, SBNP: Sub-Basal Nerve Plexus, [VCM: In-Vivo Confocal Microscopy, NFD: 

Nerve Fiber Density, NBD: Nerve Branch Density, NFL: Nerve Fiber Length, LRS: Laser Refractive Surgery, ROI, Region 

of Interest, QoL: Quality of Life IESC: Eye Specialist Clinic, MUM: International Islamic University Malaysia, CN: Corneal 

Nerve, RCM: Rostock Cornea Module, CCD: Charge-Coupled Device, JPEG: Joint Photographic Experts Group, ICC: 
\, Dee Correlation Coefficient 
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Introduction 


Currently, it is estimated that myopia prevalence would affect 
4.5 billion people globally by 2050 [1, 2]. Rapid myopic 
transition is noted in Asians population were inevitable due 
to rapid economic transition with excessive near vision 
activities are moreprominent than outdoor activities, were 
found to be a critical factor [2]. Development of myopia can 
be due to elongation of the eyeball which known as axial 
myopia and could be due to changes in the structure or 
location of the image forming structures of the eye such as 
cornea and lens [3]. Recent study [4] had commented that 
young adult and children are more prone to develop myopia 
compared to elder group. Moreover, many studies had 
demonstrate the impact of myopia on quality of life (QoL) [5- 
8] in which clearly indicates higher prevalence of myopia 
would reduce QoL. 

Laser refractive surgery (LRS) had been widely accepted as 
primary treatment of myopia apart from lens and contact lens. 
This is due to advancement in laser technology especially in 
late 20" century. It has been projected an increment of 4.7 
million to 5.7 million surgical volume are projected from 
2019 to 2024 [9], and it is expected to increase in future. 
Although there are significant advancement in LRS, it is 
worth to note that it does change the structural integrity and 
function of cornea. Sub-basal nerve plexus (SBNP) of the 
corneal nerve (CN) plays a pivotal role and and not restricted 
in detecting external stimuli, ocular surface protection, and 
maintaining ocular surface homeostasis [9,10]. On top of that, 
CN also plays role in corneal re-epithelialization by initiating 
or stimulating the production of several neuropeptides and 
corneal growth factors. Indirectly, CN is responsible for 
regulating the corneal epithelial proliferation, integrity, and 
wound healing process. Apart from SBNP, stromal ablation 
during LRS procedures could affect visual quality due to 
structural changes in keratocyte. 

Keratocytes also play a significant role in corneal wound 
healing, structural and optical properties. Keratocytes 
consisted of fibroblast cells that are predominantly found in 
anterior corneal stroma. Reduction of Keratocytes cell density 
(KCD) was observed in many studies conducted on post- 


refractive surgery, contact lens wearing, corneal transplant 


and many more. Common symptoms reported by post-LRS 


patients includes dry eyes [11], neurotrophic epitheliopathy, 
or keratopathy [12] and loss of corneal sensitivity indicates 
involvement of transection of the corneal nerve plexus [9], 
and this has been postulated could be due to damage on the 
SBNP and KCD. To the best of our knowledge, limited 
evidence available that address the structural of both SBNP 
and KCD in pre-LASIK patients. This study aim to 
demonstrate reliability measurement of both SBNP and KCD 
using in-vivo corneal confocal microscopy approach in 


myopic eyes. 


Materials and Methods 

120 eyes of 60 participants were recruited in this prospective 
cross-sectional study. Both right and left myopic eyes were 
measured separately. The inclusion criteria set for this study 
includes healthy participants age ranging from 19 to 25 years 
old for both male and female having spherical refractive error 
between -3.00D to -5.00D (moderate myopia) or more than - 
5.00D (high myopia) with maximum cylindrical error of - 
1.25DC, and maximum pupil size of 6.5 mm. All participants 
undergo laser refractive surgery, and within 3 months follow- 
up. The exclusion criteria are those with abnormal tear film 
[13-15] and corneal irregularity related conditions such as 
pterygium [15-23], history of ocular trauma and systemic 
diseases. Participants who worn soft contact lens within 2 
weeks of the measurements, or 4 weeks for rigid gas- 
permeable contact lens were excluded [24-26]. 

Prior to commencement of study, ethical approval was 
obtained from JIIUM_ Research Ethics Committee 
[ITUM/504/14/11/2TREC 2019-KAHS (U)] and it is 
comform with the Tenets Declaration of Helsinki. All 
participants were given adequate information regarding 
methods and risks of this study. All participation are based on 
voluntary basis, and consent from each participants was 
obtained prior to any procedures. All data collection was 
conducted at IIUM Optometry Clinic, Kuliyyah of Allied 
Health Sciences, International Islamic University Malaysia 
(IIUM) Eye Specialist Clinic (IESC), Kuliyyah of Medicine, 
Kuantan, Pahang, Malaysia. SBNP and KCD were measured 


using in-vivo confocal microscopy (IVCM). 
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Instrument Setting 

In this study, in-vivo confocal microscopy [Hiedelberg 
Retinal Tomograph III Rostock Cornea Module (HRT III 
RCM); Heidelberg Engineering GmbH, Heidelberg, 
Germany). The IVCM illumination utilized a 670nm diode 
Class | laser system and hence not posed any safety hazard. 
An 63X objective lens with a numerical aperture of 0.9 and a 
close working distance relative to the applanating Tomocap™ 
(Heidelberg Engineering GmbH, Heidelberg, Germany) was 
used in this study. IVCM field of measurement was 
400x400um with a lum laser beam spot. The optical 


resolution/pixel for the 2D digital image size produced was 


Pu Ew ewe 


384x384 pixels. Live imaging of the cornea by a charge- 


coupled device (CCD) camera attached to the microscope 
enables the examiner to determine the exact location of the 
examination (Figure 1). All scans were conducted on the 
central region of the cornea at the level of the stroma layer 
and sub-basal nerve plexus by a single examiner. A drop of 
topical anaesthetic 0.5% proparacaine hydrochloride 
ophthalmic solution (Alcaine™, Alcon Laboratories, Inc., 
Fort Worth, TX) was instilled in participants' eyes. A 
carbomer gel (Genteal™ Gel; Alcon Pharmaceuticals Ltd., 
Switzerland) was applied onto and over the objective tip as 


an immersion fluid, to prevent any cornea abrasion. 


Figure 1. Live imaging of the cornea by a CCD camera. 


Keratocytes Cell Density (KCD) Evaluation: Thickness 
Measurement 

Stromal layers is defined as the distance between the first 
focused image of the most anterior keratocytes and the last 


focused image of the posterior keratocytes without images of 


endothelial cells. In this study, stromal thickness were divided 
into five (5) layers. The five subdivided stroma layers are; 
anterior (0% to 10%), middle (11% to 33%; 34% to 66%) and 
posterior (67% to 90%; 91% to 100%) as depicted in Figure 
2 [27]. 


Epithelium 


0% -10% 


11% -33% 


<+— Bowman Layer 


SF SOK Full Stroma 


67% -90% 


91% -100% 


Figure 2. Subdivision of stromal layers. 
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Keratocyte Cell Density (KCD) Measurement 

KCD was determined by manually counting the keratocyte 
nuclei (bright objects) in the selected confocal images within 
a predetermined region of interest (ROI) set as ROI: 


0.16033585mm? based on the tip size of the cap as shown in 


Figure 3. The image was captured and processed using 


ImageJ™ Software (ImageJ™, US National Institutes of 
Health, Bethesda, Maryland, USA) in form of Joint 
Photographic Experts Group (JPEG) files [27-30]. 


Figure 3. Anterior stroma KCD measurement (Left: anterior stroma, right: posterior stroma). 


Sub-Basal Nerve Plexus (SBNP) Measurement 

SBNP was manually traced in each image within the area of 
interest, ROI equivalent to 0.16033585mm7, using Neuron J 
plugin with ImageJ™ Software (ImageJ™, US National 
Institutes of Health, Bethesda, Maryland, USA) [27-31] as 
shown in Figure 4. Each nerve analysis was based on several 


definitions [32,33]; a.) Sub-basal nerve density, NFD 


(mm/mm_7): was defined as the total length of all visible sub- 
basal nerves in a frame divided by the frame area 
(400x400um), b.) Nerve branch Density, NBD: The total 
number of main nerve branches divided by the area of the 
frame, and c.) Total Nerve length, NFL: Total length of 


visible sub-basal nerves in a frame. 


Figure 4. SBNP tracing using Neuron J in image captured in ImageJ 


Image Selection 

All image acquisitions were done in standardized protocol as 
previously described [34]. In this study, only central cornea 
images were selected for analysis. To ensure this, the red 
reflex of the laser beam was required to be exactly in the 


centre of the eye in the live image. Thus, vertical nerve 


orientation would indicates central cornea, while oblique 
orientation indicates a peripheral cornea. And only high- 
quality images with paucity pressure of lines, optimal 
contrast, and absence of overlapping in either from epithelial 


or stromal layers. 
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Statistical Analysis 

In this study were in this study, all images were double-blind 
sorted randomly using randomization software (Research 
Randomizer, Version 4.0, downloaded from 
www.randomizer.org). Two observers (NSMR and MRH) 
were masked in terms of sequence and all participants 
identifications for each image were de-identified. The 
average of three measurements from each image were taken 
for SBNP and KCD analyses. All data were expressed in 
mean and standard deviation. Normality testing was based on 
ratio of skewness kurtosis with + 2.50 are considered as 
normally distributed [12]. Statistical analyses were divided 
into two parts; descriptive and reliability testing. 

For descriptive statistics, Paired T-test was employed to 
evaluate test-retest repeatability, and independent T-test was 
done to evaluate reproducibility for measurement of stromal 
layer thickness. For reliability and validity testing of SBNP 
and KCD measurement, Intraclass correlation coefficient 
(ICC) and was used. ICC was employed to evaluate intra and 
inter-observer repeatability and reproducibility respectively. 


Excellent ICC was considered if the value is more than 0.75. 


For inter-observer, a minimum one-week time interval was 


set for both observers. All statistical analyses were performed 


using IBM SPSS (Predictive analytics software) Version 24 
(IBM Corp, Armonk, NY, USA). P < 0.05 was set as the level 


of significance. 


Results 


The mean age of participants was 25.2 +64.8 years (N = 120 
eyes). Normality testing showed all data were normally 
distributed (p > 0.05). Based on descriptive analysis, both 
observers findings showed no significance difference intra 
and inter-observer (both P-value > 0.05) in measurement of 
stromal layer, as summarized in Table 1. 

Reliability of KCD measurement 

This study found that reliability of KCD measurements were 
excellent across all statistical tests done which includes 
descriptive analysis and intraclass correlation coefficient 
(ICC). Descriptive analysis showed both observers were 
comparable intra and inter-observer (both P-value > 0.05) in 
measurement of KCD across all stromal layer. In addition, 
ICC also revealed excellent correlation between intra and 
inter-observer with all ICC was more than 0.99, as 


summarized in Table 1 below. 


Table 1: Descriptive and correlation analyses for KCD. 


Keratocyte Cell Density (KCD) 
Observer 1 Observer 2 Reliability Test 
Stroma Area Layer (%) P-value* 
Mean + SD Mean + SD ICC* [Range 
Anterior 0-10 518.78 + 71.56 518.07 + 70.94 0.197 0.999 | 0.997 - 0.999 
Middle 11-33 255.87 + 33.60 255.46 + 34.07 0.132 0.998 | 0.996 - 0.999 
34-66 196.29 + 28.14 196.79 + 28.05 0.185 0.995 | 0.991 - 0.997 
Posterior 67-90 183.81 + 24.46 183.66 + 24.76 0.596 0.961 | 0.928 - 0.979 
91-100 171.74 + 24.90 171.44 + 25.29 0.445 0.998 | 0.996 - 0.999 


*Independent T-test 


#ICC: Intraclass correlation 


Reliability of SBNP measurement 


Based on statistical findings, this study found that reliability 


of SBNP measurements were excellent across all statistical 


tests done which includes descriptive analysis and intraclass 
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correlation coefficient (ICC). Descriptive analysis showed 
both observers were comparable intra and inter-observer 


(both P-value > 0.05) in measurement of KCD across all 


Table 2: Descriptive and correlation analyses for SBNP. 


stromal layer. In addition, ICC also revealed excellent 


correlation between intra and inter-observer with all ICC was 


more than 0.99, as summarized in Table 2 below. 


Sub-basal Nerve Plexus (SBNP) 

Observer 1 Observer 2 Reliability Test 
Corneal nerve parameters P-value* : 

Mean + SD Mean + SD ICC Range 
NFD (number/mm?) 29.26 + 4.32 29.16+4.71 0.323 0.995 0.990 - 0.997 
NBD (number/mm7) 27.29 + 15.64 27.99 + 15.26 0.126 0.998 0.996 - 0.999 
NFL (mm/mm7) 9127.93 + 1830.59 | 9213.22 + 1842.83 | 0.307 0.979 0.961 - 0.989 


*Independent T-test 

#ICC: Intraclass correlation 
NFD: Nerve fiber density 
NBD: Nerve branch density 
NFL: Nerve fiber length 


Discussion 

This study aimed to evaluate validity measurement of both 
SBNP and KCD, with stromal thickness as reference. In-vivo 
confocal microscopy (IVCM) has been used in clinical 
application since 25 years ago, and able to provides 4- 
dimensional high-resolution images of corneal cells and 
structures. [VCM has been used in many clinical applications 
such monitoring cellular changes in corneal wound healing 
[35], endothelial keratoplasty [36], pre- and post-corneal 
crosslinking procedures [37] and laser refractive surgeries 
[38]. On top of that, IVCM also has, and current been used to 
evaluate effects of contact lens wear on the corneal 
morphology and corneal epithelial homeostasis [39]. 

This current study found that IVCM are reliable and valid in 
measuring SBNP and KCD in corneal wound healing patient 
particularly in post laser refractive surgery patients. Many 
studies [40-42] had commented that measurement of SBNP 
and KCD using image analysis were reliable. SBNP and KCD 
are important factors in determining visual performance or 
quality after laser refractive surgery as symptoms of dry eye 
[43, 44] and increase in aberration [45,46] are common. Thus, 


at cellular level, both SBNP and KCD could be used as early 


indicator for corneal regeneration or corneal wound healing 
which represent possibility of future development of dry eye 
and other ocular surface disorders. 

This study would like to highlight several potential 
advantages and disadvantages or errors in measuring both 
SBNP and KCD. This method provides several benefits, 
firstly this method able to measure the actual corneal nerve 
fibres branch tortuosity, length and density accurately. Also, 
secondly, this method is easy to implement and less time 
required. In contrast, several disadvantages should be 
highlighted. Firstly, the current method may incorrectly 
identify the depth of corneal nerve measured due to its 
background contrast of the cornea and iris. The illumination 
variability of each digital image also might cause the method 
to incorrectly measure the corneal nerve parameters which 
gives rise to its reliability. However, we have minimized this 
error by implementing several approaches such as excluding 
poor quality images. Secondly, the measurement of each 
designated corneal stromal area were set approximately 
similar across all participants based on the calibration. Thus, 
the scanning depth were approximately equal in all eyes. This 


issue has been addressed by repeating the measurement using 
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A second grader whose result has shown a good agreement. 


More studies are needed to explore the effect of laser 


refractive surgery on the ocualr surface such as post-LASIK 


dry eye. 


Conclusion 


Measurement of corneal stromal thickness, SBNP and KCD 
using IVCM is valid and reliable. 
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